ABSTRACT: We reported previously the formation of microtears in an in vivo loaded Flexor Digitorum Profundus (FDP) rabbit tendon with a repetition rate of 60 repetitions per minute and a peak force of 15% of maximum peak tetanic force for 80 cumulative hours. Tear area as a percent of tendon area, tear density (tears/mm 2 ), and mean tear size (mm 2 ) were higher in tendons from the loaded limb compared to the unloaded control limb. The purpose of the present study was to compare those results to results obtained with a repetition rate of 10 while maintaining the same peak force and force-time integral (n ¼ 8). Due to a strain gradient between the inner and outer sides of the FDP tendon, microtears were quantified in four regions, two regions each along the inner and outer sides of the tendon. The tear area as a percent of total tendon area and the mean tear size were significantly greater in the loaded limb compared to the unloaded limb (p < 0.03). However, the effects were less than those observed at 60 repetitions/min. The higher repetition loading pattern resulted in an increase in tear measures in all four regions, while the lower rate produced changes only in the outer regions of the tendon. This finding may establish where the initial sites of damage occur in tendons that insert into bone in a similar arrangement as the FDP. The results suggest that repetition rate or number of loading cycles is associated with increased tendon microtears or fragility in a dose-response pattern. ß
INTRODUCTION
Tendon injuries due to overuse are common in athletes and workers. Overuse injuries account for 30 to 50% of sports-related injuries. 1, 2 Although overuse injuries are related to forceful and repetitive hand activities, little is known about the early mechanisms of injury that ultimately lead to tendinopathy. Elucidating the early structural, cellular, and molecular changes in tendons exposed to cyclical loading may ultimately improve prevention and treatment options.
Previously we reported the formation of microtears in the tendons of rabbits that were cyclically loaded in vivo at 60 repetitions per minute for 80 h of cumulative loading. 3 The mean tear densities ranged from 650 to 1,788 tears/mm 2 in the tendon of the loaded limb compared to 358 to 1,491 in the unloaded limb. The tears in the loaded limb ranged in size from 13 to 26 mm 2 compared to 9 to 21 mm 2 in the unloaded tendon. Larger tears (on the order of cm 2 ) have been observed in tendons of humans with tendinosis using high-resolution ultrasound, 4 ,5 MR imaging, [6] [7] [8] and 3D volume-rendered images from multidetector computer tomography (MDCT). 9 The larger tears may occur after prolonged exposure to repetitive load due to accumulation of injuries from microtears.
Several epidemiologic workplace studies suggest that rate of repetition may be an important risk factor for tendon injuries. [10] [11] [12] Latko et al. 13 categorized repetition as high/medium/low in their investigation of the relationship between repetitive work and the prevalence of tendinitis of the distal upper extremity. People exposed to high repetition jobs had two to three times higher risk of developing pain or tendinitis. A linear relationship between the three levels of repetition and the risk of tendinitis was found. The purpose of this study was to investigate microstructural changes, specifically the formation of microtears in the Flexor Digitorum Profundus (FDP) tendon at the medial epicondyle following cyclical digit loading using a rabbit model with a repetition rate of 10 repetitions/min, and to compare these results to those obtained from our previous study. 3 The duty cycle (20%) and peak force [0.42 N, 15% Po (peak tetanic force)] were the same between loading groups.
METHODS

Animal Model
The loading model was described previously. 3 Eight female, young adult (5 month old), New Zealand White rabbits weighing 3.58 kg (AE0.84) were used. Under general anesthesia, the FDP muscle of one forelimb was electrically stimulated to contract repetitively for 2 h per day, 3 days per week, for 80 h of cumulative loading. The contralateral limb, supported in the same posture, did not receive a stimulus and therefore served as the control. The stimulation train was adjusted to maintain a mean peak digit flexion force of 0.42 N (15% of Po). Previously, a repetition rate of 60 reps/min was used with a train duration of 200 ms, 3 while this set of animals was exposed to 10 reps/min with a train duration of 1,200 ms (Fig. 1) . These rates covered the high and low hand grasp rates observed among assembly line workers. 10, 14 The study was approved by UC Berkeley's Committee on Animal Research. Weekly examinations of the paw, forearm, and elbow revealed no tenderness, limping, nodules, swelling, limitation in range of motion, reduction in gross claw flexion strength, or skin breaks.
Tissue and Histological Preparation
After 80 h of cumulative loading, animals were weighed (4.00 AE 0.55 kg), euthanized, and the medial epicondyle block (tendon and bone) was harvested. Tissue and histological preparation along with image acquisition were identical to the previous study (Fig 2) . 3 Briefly, four regions of interest (ROIs) (200 Â 400 mm 2 ) of the FDP tendon were captured and analyzed for tears (tear area as a percent of tendon area, tear density, and mean tear size) with a custom image analysis software program.
Statistical Analysis
A mixed model repeated measures ANOVA was used to analyze differences in tear measures by region (inner enthesis, outer enthesis, inner distal, or outer distal) and by loading status (loaded or unloaded) in the 10 reps/min group. Follow-up analysis was performed using the Tukey method for multiple comparisons. The distributions of tears by tear size were transformed into normal distributions using a log transformation preceded by the addition of the smallest value to each data point to avoid taking the logarithm of a zero. Then the transformed tear density was compared between loaded and unloaded limbs with the paired t-test using an a < 0.01 to adjust for multiple comparisons. A twofactor ANOVA was used to examine differences between the repetition groups (60 vs. 10 reps/min) and among regions (four regions). This analysis was based on first evaluating the differences in tear measures between loaded and unloaded limbs of the same animal. Followup tests were performed using the Tukey method for multiple comparisons.
RESULTS
Tear Area as a Percent of Tendon Area (10 reps/min) Across the four ROIs, the average tear area as a percent of tendon area ranged from 0.33 to 3.74% in the loaded tendon compared to 0.44 to 2.66% in the unloaded tendon (Fig. 3A) . The outer enthesis (110% increase) and outer distal (86.3% increase) regions had the greatest percent increase when comparing the loaded to unloaded tendon. The inner enthesis (12.3% decrease) and the inner distal (10.7% increase) ROIs exhibited much smaller changes. The limb by region interaction term was not significant ( p ¼ 0.054), while the limb ( p ¼ 0.01) and region ( p < 0.001) effects were significant. Using the Tukey follow-up test, significant differences among regions were found. The tear area as a percent of tendon area at the inner enthesis was significantly lower than the outer enthesis ( p < 0.001) and outer distal ( p < 0.001) regions. Similarly, it was significantly lower in the inner distal ROI than the outer enthesis ( p < 0.02) and outer distal ( p < 0.001) regions. No significant differences were found between the two inner ROIs; however, the outer distal ROI had a significant increase in tear area percent when compared to the outer enthesis ( p ¼ 0.016) ROI.
Tear Density
The tear density (tears/mm 2 ), on average, ranged from 270.4 to 1,672.7 tears/mm 2 in the loaded limb compared to 315.6 to 1,442.8 tears/mm 2 in the unloaded limb across the four ROIs (Fig. 3B ). Similar to the tear area, greater changes were observed in the outer regions. The outer enthesis (61.3% increase) and outer distal (45.4% increase) regions had a higher percent increase than the inner enthesis (10.7%) and the inner distal (7.2%) regions when comparing loaded to unloaded tendons. The limb by region interaction term was not significant ( p ¼ 0.57). There was no significant difference between limbs ( p ¼ 0.25), but there was a regional effect ( p < 0.0001). The differences were primarily between the inner and outer regions. The inner enthesis region had a significantly lower tear density than the other three ROIs: outer enthesis ( p < 0.001), inner distal ( p ¼ 0.04), and outer distal ( p < 0.001). Similarly, the inner distal region had a significantly lower tear density than the outer enthesis ( p ¼ 0.001) and outer distal ( p < 0.001) ROIs.
Mean Tear Size
The mean tear size (mm 2 ) ranged from 11.0 to 24.2 mm 2 in the loaded tendon compared to 13.4 to 17.6 mm 2 in the unloaded tendon ( Fig. 3C ) in the four ROIs. Similar to the other two tear measures, the greatest changes occurred along the outer regions of the tendon. The outer enthesis (37.2% increase) and outer distal (38.9% increase) regions had larger changes in mean tear size compared to the inner enthesis (17.1% decrease) and inner distal (7.29% increase). The limb ( p ¼ 0.03), region ( p < 0.001), and interaction ( p ¼ 0.03) terms were all significant (Fig. 3C) . The ROIs in the loaded tendon were significantly different from one another. The loaded inner enthesis ROI had a smaller mean tear size than the loaded outer enthesis ( p ¼ 0.0167) and loaded outer distal ( p < 0.0001) ROIs. The loaded inner region distal to the enthesis had a significantly smaller mean tear size than the outer region distal to the enthesis ( p ¼ 0.001).
Comparing 60 versus 10 reps/min
Differences in tear parameters between limbs were compared to the data from the 60 reps/min group. 3 The interaction term in the ANOVA (repetition rate Â region) for the differences in tear area as a percent of tendon area was not significant ( p ¼ 0.91). The 60 reps/min group had greater differences between limbs in tear area as a percent of tendon area ( p ¼ 0.01) compared to the (Fig. 4A ). Regional differences were also present ( p < 0.0001); there were larger tear differences between unloaded and loaded tendons along the outer regions of the tendon than along the inner regions of the tendon ( p < 0.05).
The interaction term for the tear density was not significant ( p ¼ 0.82) in the ANOVA. Differences in tear densities were not significantly different between the two loading groups ( p ¼ 0.07), nor were there regional effects ( p ¼ 0.18) (Fig. 4B) .
The interaction term for the mean tear size was not significant ( p ¼ 0.23). The difference in the mean tear size between the two loading groups was not significantly different ( p ¼ 0.18). Regionally ( p ¼ 0.005), there were differences, most notably the outer ROIs had greater changes between loaded and unloaded tendons than the inner enthesis (Fig. 4C) .
Distribution of Tears by Size
The distributions of tears by size are presented in Figures 5 and 6 . The 60 rep/min loading group demonstrated a broader range of differences in tear density. 3 Across nearly all tear sizes, the tear density in the loaded tendon was greater in the 60 reps/min loading group, especially in the outer enthesis region. These broad ranges of differences were not observed in the 10 reps/min group, where the only significant difference with load occurred at the 200 mm (symbolize) tear size (Fig. 6) .
DISCUSSION
This is the first study to evaluate the effect of repetition rate on tendon damage, specifically the formation of microtears, in an in vivo cyclical loading model. A loading rate of 10 reps/min significantly increased tear area as a percent of tendon area and the mean tear size, but had negligible effect on tear density. This differs from what we previously found for a repetition rate of 60 reps/min, 3 where all tear parameters of (area percent, density, and size) were significantly greater in the loaded limb compared to the unloaded limb. The higher repetition group had larger changes in tear area as a percent of tendon area ( p ¼ 0.01), whereas differences were borderline for the tear density ( p ¼ 0.07) and not significantly different for the mean tear size ( p ¼ 0.18) (Fig. 4 ). An examination of tear densities by size revealed that loaded tendons from the higher repetition group consistently had higher tear densities across the majority of tear sizes (Figs. 5 and 6 ), whereas only tears of 100 to 200 mm 2 in size were significantly different in tear density for the lower repetition group. These differences are masked when the tear sizes are grouped. These findings provide some insight into the effect of loading rate on tendon microtear formation; lower rates cause relatively larger tears, but high rates cause tears across a spectrum of sizes. Larger tears may be the first ones to form with repetitive loading, indicating that the fatigue failure point for larger areas with poor crosslinking is less than the failure point for smaller areas with poor cross-linking.
Overall, our findings suggest a dose-response relationship between repetition rate and measures of microtears. The higher repetition rate caused greater microtear formation than the lower rate at the same peak force and duty cycle. The higher repetition rate exposed the tendon to six times more loading cycles (288,000 vs. 48,000). However, because load duration was longer for the low repetition rate (1,200 vs. 200 ms), the cumulative loading duration was the same for both. This experiment cannot separate the contribution of total number of cycles versus loading rate to injury; both are closely related. These differences should be explored in future studies.
The increased duration of nonloading at the low repetition rate may allow for more tendon recovery between loading cycles, which may have contributed to the observed differences. The tendon-muscle-tendon unit has viscoelastic properties, including creep, history-dependence, and loss of energy during cyclic loading. Although the cumulative times that the forces were elevated were equal in both loading conditions, the times allowed for recovery (0.8 s for 60 reps/min vs. 4.8 s for 10 reps/min) before the next loading cycle were not equivalent. In addition, during a loading cycle, energy dissipation may occur and may transfer into internal heat, affecting the physiological state of the tendon.
A number of animal models have been developed to study the effect of cyclical loading on tendon. [15] [16] [17] [18] [19] [20] [21] Some studies examined the effects on different outcomes (histological, cellular, biochemical, or 15, 16, 19 compared loaded to unloaded tendons of the same animal. These previous in vivo loading models utilized rates as low as 4 reps/ min 17 to as high as 150 reps/min. 16 Barbe et al. 17 utilized low forces (F peak < 0.15 MVC) and repetition rates (4/min) in a rat volitional study and found both behavioral and histological changes. These changes started in week 3 and continued until the end of the study in week 8. They found a decrease in reach rate and task duration and a change in the preferred grasping technique utilized by the rats. The number of resident and infiltrating macrophages was significantly higher from the baseline control group at week 3, and tendon fraying was present after 5 weeks at the musculotendon junction. Soslowsky's overuse rotator cuff model exposing rats to treadmill running used repetition rates of approximately 120 reps/min. 18, 21, 22 Peak forces were unknown. If the forces were similar to those involved during gait and jogging, the forces were high relative to our study and other studies. [15] [16] [17] 19 Soslowsky et al. showed gross mechanical changes at 4 weeks of running (1 h/day, 5 day/week), including an increase in tendon cross sectional area, a decrease in maximum tensile stress, and a decrease in elastic modulus relative to a control group. Perry et al., using the same overuse model, showed an increase in mRNA of inflammatory markers (COX-2 and FLAP) and angiogenic factors (VEGF, VWF) after 3 days of exercise. COX-2 and FLAP expression peaked at 8 weeks. We previously demonstrated in our model that other angiogenic components (VEGF, VEGFR-1, and CTGF) increased with 60 reps/min of cyclical loading of the Figure 5 . The log of the distribution of microtears by tear size for the inner and outer regions of the tendon at the enthesis for both loading groups. No significant differences were found in the 10 reps/ min group (paired t-test, p < 0.01). The symbol { indicates a significant difference between unloaded and loaded limbs (paired t-test, p < 0.01) in the 60 reps/min group, n ¼ 9.
FDP muscle, but we did not look at earlier time points. 23 Although the differences in tear measures between limbs were greater at the higher rate, there were similar regional differences ( p < 0.001) for both the 60 and 10 repetition rates. Larger differences were present in tear measures between unloaded and loaded tendons between the two loading groups (10 vs. 60 reps/min) at the outer tendon regions (Fig. 4) . Along the inner regions, there were little differences between loaded and unloaded tendons in the lower rate group (Fig. 4) . The inner regions had greater tear measures than their unloaded counterpart for the higher loading rate (60 reps/min). This regional variation may be due to the inhomogenous stress distribution that occurs with normal loading. [24] [25] [26] [27] As the FDP tendon is loaded, the region adjacent to bone (inner enthesis) experiences tension and compression but the compression results in fibrocartilage formation. [24] [25] [26] [27] Fibrocartilage has mechanical and biological properties that allow it to absorb compressive stresses 27 and as a result is found in tissues bearing compressive loads such as cartilage. These compositional differences may contribute to the different regional response to loading. The inner and outer enthesis are structurally different and may have different failure modes and strain differences under repetitive loads. The outer regions of the tendon are composed mainly of type I collagen (30% wet weight), which provides tensile strength. Although collagen has high tensile strength, these collagen fibrils may be at risk for failure under cyclical loading patterns as the fibers continually slide past one another, disrupting collagen crosslinks. Intermolecular cross-links are a stabilizing feature and contribute to tendon strength and stiffness. Chronic loading may reduce the crosslink concentration through combined fatigue damage and collagen synthesis. Exercise can Figure 6 . The log of the distribution of microtears by size for the inner and outer parts of the tendon distal to the enthesis for both loading groups. The symbols { and * indicate significant differences between unloaded and loaded limbs (paired t-test, p < 0.01) in the 60 (n ¼ 9) and 10 (n ¼ 8) reps/min group, respectively.
EFFECT OF REPETITION RATE ON MICROTEAR FORMATION
increase collagen synthesis, 28 resulting in the presence of smaller diameter fibers that may or may not have intermolecular cross-links, because the cross-linking process undergoes an enzymatic development and maturation process. 29 Therefore, damage may occur in these areas.
Several limitations of this model should be noted. Tendons were evaluated after 80 h of cumulative loading. Earlier time points may provide insight into the onset of microtear formation and biochemical changes that may precede microtear formation. Only four regions of the tendon were evaluated; changes in other areas such as the musculotendon junction may be important. Furthermore, tendon is a 3D structure, while our analysis measured microtears in 2D sections taken from nine sections in the middle of the tendon; this process may have missed changes at the periphery of the tendon. Another limitation relates to our understanding of the microtear findings. The relationship between microtears and other measures of tendon degradation (e.g., necrosis, angiofibroblastic dysplasia, increases in proteases and growth factors) should be studied.
Surprisingly, microtears were observed in the unloaded, control tendons. There may be a background rate of microtears that occurs normally with cage or usual activities in this species. As far as we are aware, the quantification of tendon microtears has not been previously systematically investigated. Other possible contributors to microtear formation are the dehydration, heating, and sectioning used in histological processing. Microtears could be artifacts of the tissue preparation. However, this does not explain the significant differences observed between loaded and unloaded tendons. Each tendon pair was processed and analyzed simultaneously with blinding to limb loading status. All statistical comparisons were done within rabbits, that is, the exposed limb was compared to the control limb of the same rabbit. Therefore, differences in microtears are due to loading. However, if microtears are partly due to tissue preparation, then loading may have increased the fragility of the tendon, possibly due to changes in collagen cross-linking, making it more susceptible to microtear formation. Microtears would then be an indirect measure of increased tendon fragility occurring in the loaded tendon.
In conclusion, overuse tendon damage is associated with several biomechanical loading parameters. Peak force, repetition rate, sustained posture extremes, and duration are associated risk factors based on epidemiologic studies. [10] [11] [12] [13] 30, 31 Our study suggests a dose-response relationship between repetition rate or cumulative number of cycles and the formation of microtears or increased fragility in tendons. A higher rate led to greater measures of tear damage across all regions of the tendon. The lower rate had little effect along the inner regions of the tendon; greater changes occurred along the outer regions. These regional differences are likely due to differences in tissue properties or the presence of an inhomogenous strain distribution during peak loads. Applying the same peak force at lower repetition rates may prevent microtears or increased fragility in tendon compared to applying the same load at higher loading rates where both loading patterns have equivalent duty cycles. These findings may be useful in the understanding, management, and prevention of tendinopathies.
